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Abstract. We study preheating in plateau inflation in the Palatini formulation of general
relativity, in a special case that resembles Higgs inflation. It was previously shown that
the oscillating inflaton field returns to the plateau repeatedly in this model, and this leads
to tachyonic production of inflaton particles. We show that a minimally coupled spectator
scalar field can be produced even more efficiently by a similar mechanism. The mechanism
is purely gravitational, and the scalar field mass can be of order 1013 GeV, larger than the
Hubble scale by many orders of magnitude, making this a candidate for superheavy dark
matter.
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1 Introduction
The nature of dark matter (DM) is one of the outstanding puzzles of contemporary high
energy physics. It comprises around 84% of the matter content of the Universe [1] but, al-
though it is believed to be of particulate nature, the existence of DM has been established
only through its gravitational interactions. The absence of convincing DM signals in ter-
restrial experiments indicates that DM has negligible or non-existent interactions with the
Standard Model particles. An appealing idea is that DM is gravitationally produced during
inflation or shortly after its end [2]. Various ways to gravitationally produce DM particles
with inflation have been investigated in the past years [3–11], also in the case where DM is
superheavy [12–20].
Regarding inflation, the latest data from the Planck satellite [21] have severely con-
strained the allowed values for the scalar spectral index ns and the tensor-to-scalar ratio
r. As a consequence, simple inflationary models with monomial potentials have been ruled
out. On the other hand, models where the inflaton φ is non-minimally coupled to gravity
through a term of the form ξφ2R (such as Higgs inflation [22–24]) seem to be favoured, where
ξ is the non-minimal coupling and R the Ricci scalar. If the Higgs boson is non-minimally
coupled to gravity, predictions for the Higgs inflation parameters are different in the metric
and Palatini formulations of the theory [25–28]1. A notable example of a difference between
the two formulations is the tensor-to-scalar ratio r, which is predicted to be much smaller in
the Palatini formulation. This allows, in principle, to use the measurements of inflationary
parameters to distinguish between different formulations of gravity.
Similarly, the cosmology can be very different in the two formulations of Higgs inflation.
It has been demonstrated [39, 53] that the preheating stage of Higgs inflation in the two the-
ories is dominated by different mechanisms and proceeds via different channels. While in the
1In the Palatini or first-order variational approach [29–31], the connection and metric are assumed to be
independent degrees of freedom and one has to vary the action with respect to both of them. In contrast,
in the metric or second-order formalism the connection is the Levi-Civita and the action is only varied with
respect to the metric. Note that even though the two variational approaches result in the same equations of
motion for an action which is minimally coupled and linear in R, the same does not hold for more complicated
actions (see e.g. [25–28, 31–71]).
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metric formulation preheating occurs predominantly via the parametric resonance [72–75]
into the vector boson channels [76–83], in the Palatini version of the theory the dominant
mechanism is tachyonic resonance [84, 85] into the Higgs boson itself. Therefore the preheat-
ing mechanism is much more efficient in the Palatini formalism [53].
In this paper, we extend the analysis of [53] by adding to the model a free scalar field,
minimally coupled to gravity. We show that even in such a minimal case, the scalar field
may get highly excited during preheating, and even surpass inflaton particle production as
the leading preheating channel. This is true even in a supermassive case where the scalar
field mass exceeds the Hubble scale of inflation by many orders of magnitude. This is the
consequence of a tachyonic instability, apparent in the Einstein frame, similar to the tachyonic
instability of the inflaton field itself.
The paper is organized as follows. In Sec. 2 we set up the model and derive constraints on
the parameters through the inflationary observables. Then, in Sec. 3 we study the production
of inflaton and DM particles during the preheating stage. In Sec. 4 we present our results
and derive a bound on the DM mass. Finally, we conlcude in Sec. 5.
2 Model
2.1 Action
Let us consider the following action for the inflaton φ and a spectator scalar field χ, adopting
the Palatini formulation of GR (with reduced Planck mass MPl ≡ 1):
S =
∫
d4x
√−g
[
1
2
(
1 + ξφ2
)
gµνRµν(Γ)− 1
2
gµν∂µφ∂νφ− λ
4
φ4
− 1
2
gµν∂µχ∂νχ− 1
2
m2χχ
2 − α
2
χ2φ2
]
.
(2.1)
The inflationary dynamics of this model have been studied in the context of Higgs inflation
[32], though we do not assume φ to necessarily be the Higgs; preheating without χ was studied
in [53]. In the Jordan frame action (2.1) we have considered a minimal setup for χ: it is a
free scalar field2. The field χ is minimally coupled to gravity, in contrast to the inflaton, and
unlike in most models of gravitational particle production. During preheating, χ-particles
may still be produced since the oscillatory behaviour of φ induces oscillations in the metric
which couples to χ. This type of ‘gravitational preheating’ has been studied before, but not
in the context of Palatini gravity. The preheating production of φ-particles is rapid in the
Palatini formulation due to a tachyonic instability [53], and we will see similar behaviour in
the spectator sector.
We eliminate the non-minimal coupling term by employing a Weyl transformation of
the metric of the form
gµν → Ω−2(φ)gµν , (2.2)
with the conformal factor given by
Ω =
√
1 + ξφ2 . (2.3)
2The α-coupling between φ and χ is included to prevent the production of χ-particles during inflation; see
section 3.2. Very small values of α are sufficient for this purpose, and it does not affect subsequent dynamics.
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Figure 1. Inflaton potential for ξ = 106 and λ = 10−2, with U0 = λ4ξ2 .
Note that in Palatini gravity, Rµν does not change in the conformal transformation, since it
depends only on the connection Γ and not on the metric. The action becomes
SE =
∫
d4x
√−g
[
1
2
gµνRµν(Γ)− 1
2Ω2(φ)
gµν∂µφ∂νφ− λφ
4
4Ω4(φ)
− 1
2Ω2(φ)
gµν∂µχ∂νχ− 1
2Ω4(φ)
m2χχ
2 − α
2Ω4(φ)
χ2φ2
]
.
(2.4)
We can make the inflaton kinetic term in (2.4) canonical through a field redefinition of the
form
dψ
dφ
= Ω−1(φ) =
1√
1 + ξφ2
, (2.5)
which can be easily integrated to give
ψ =
1√
ξ
sinh−1
(√
ξφ
)
⇐⇒ φ = 1√
ξ
sinh
(√
ξψ
)
. (2.6)
Then, the Einstein frame action for the inflaton reads
Sψ =
∫
d4x
√−g
[
1
2
gµνRµν(Γ)− 1
2
gµν∂µψ∂νψ − U(ψ)
]
, (2.7)
with the potential given by
U(ψ) =
λ
4ξ2
tanh4
(√
ξψ
)
, (2.8)
which is shown in Fig. 1. At large field values the potential is asymptotically flat and allows
for inflation in accordance with the observations.
2.2 Background dynamics
For an FRW background, ψ follows the Friedmann and Klein-Gordon equations
3H2 =
1
2
ψ˙2 + U , ψ¨ + 3Hψ˙ + U ′ = 0 . (2.9)
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The potential (2.8) has a plateau in the large field regime where slow-roll can occur. There,
(2.9) become
3H2 ≈ U , 3Hψ˙ + U ′ ≈ 0 . (2.10)
The duration of inflation is quantified by the number of e-folds which, in the slow-roll ap-
proximation, read
N =
∫ ψ
ψend
U(ψ˜)
U ′(ψ˜)
dψ˜ ≈ 1
16ξ
cosh
(
2
√
ξψ
)
≈ φ
2
8
. (2.11)
Validity of the slow-roll approximation is measured in terms of the slow-roll parameters
H ≡ ψ˙
2
2H2
≈ 1
8ξN2
, ηH ≡ − ψ¨
Hψ˙
≈ − 1
N
, (2.12)
where the approximations are valid in slow-roll and show that H and ηH are small there.
The CMB observables are
As ≈ 1
24pi2
2λN2∗
ξ
, ns ≈ 1− 2
N∗
, r ≈ 2
ξN2∗
, (2.13)
where N∗ ≈ 50 at the pivot scale. The prediction for the spectral index, ns ≈ 0.96, is
compatible with observations [86]. From the measured value of the amplitude of the scalar
power spectrum As = 2.1× 10−9 we obtain the relation
ξ ≈ 3.8× 106N2∗λ . (2.14)
This implies a large value for ξ, which suppresses the tensor-to-scalar ratio r.
After slow-roll ends, the inflaton starts to oscillate around the potential minimum.
As shown in [53], the oscillation amplitude stays almost constant for a long time with√
ξψmax ∼ O(1), so that the inflaton returns repeatedly to the plateau. This is due to the
specific form of the potential (2.8) and the large value of ξ, and sets the model apart from
most models of inflation. This behaviour has important implications for preheating, as we
will see in section 3.
During the oscillating phase, the friction term in the Klein-Gordon equation is negligible,
so that (2.9) become
ψ¨ + U ′ ≈ 0 , 3H2 = 1
2
ψ˙2 + U ≈ const. ≈ λ
4ξ2
. (2.15)
From these and the potential (2.8), we can solve
ψ¨ ≈ − λ
ξ3/2
sech2(
√
ξψ) tanh3(
√
ξψ) , ψ˙ ≈
√
λ
2ξ2
[
1− tanh4(
√
ξψ)
]
. (2.16)
In the next section, we will use these approximations to analyze particle production during
preheating.
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3 Particle production
3.1 Inflaton particles
On top of the homogeneous background field ψ(t), we have perturbations, here denoted by
q(x). Expanding (2.7) to second order around the background, we get for them the linear-
order action:
Sq =
∫
d4x
√−g
[
−1
2
gµν∂µq∂νq − U ′′(ψ)q2
]
. (3.1)
Inflaton perturbations are coupled to metric perturbations, but in our model this can be
ignored during preheating, as shown in [53]. Action (3.1) then gives equations of motion for
the Fourier modes
q¨k + 3Hq˙k +
(
k2
a2
+ U ′′(ψ)
)
qk = 0 , (3.2)
which we solve starting from the Bunch-Davies vacuum conditions during inflation [87]:
qk =
1
a3/2
√
2k
, q˙k = − ik
a
qk , k  aH . (3.3)
At the edge of the inflationary plateau, the mass-squared term U ′′(ψ) is strongly negative.
There the mode functions qk grow exponentially. The background field returns to this region
repeatedly, yielding efficient tachyonic production of inflaton particles. Due to the tachyonic
nature of the modes, the concept of particle number is not well-defined; there is no adiabatic
vacuum with respect to which particles can be counted. Instead, we follow the evolution of
the quantum expectation value of the energy density in the perturbations,
ρq =
∫ kmax
0
dk k2
4pi2
[
|q˙k|2 +
(
k2
a2
+ U ′′(ψ)
)
|qk|2
]
, (3.4)
regulated with a momentum cut-off kmax which removes non-excited UV-modes. Preheat-
ing is complete when ρq becomes comparable to the background energy density. Then the
inflaton condensate has fragmented into particles. As it turns out, this happens almost
instantaneously, in only a few oscillations of the background field, less than one e-fold of
expansion [53].
3.2 Spectator field particles
To study the production of χ-particles, we start with the χ-dependent part of the action
(2.4):
Sχ =
∫
d4x
√−g
[
− 1
2Ω2(φ)
gµν∂µχ∂νχ− 1
2Ω4(φ)
m2χχ
2 − α
2Ω4(φ)
χ2φ2
]
. (3.5)
To get a canonical action, we make a field redefinition
σ ≡ Ω−1(φ)χ , (3.6)
and the action becomes
Sσ =
∫
d4x
√−g
[
−1
2
gµν∂µσ∂νσ − gµν σ∂µσ∂νΩ
Ω
− 1
2
(
m2χ + αφ
2
Ω2
+ gµν
∂µΩ∂νΩ
Ω2
)
σ2
]
.
(3.7)
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The equations of motion in Fourier space read
σ¨k + 3Hσ˙k +
k2
a2
+
m2χ + αφ
2
Ω2
+ 3H
Ω˙
Ω
− 2
(
Ω˙
Ω
)2
+
Ω¨
Ω

︸ ︷︷ ︸
≡ω2k
σk = 0 , (3.8)
with the Bunch-Davies initial conditions
σk =
1
a3/2
√
2ωk
, σ˙k = −i√ωkσk , (3.9)
set at a time before preheating when ωk changes slowly and the mode evolves adiabatically.
These results are general and apply for any conformal factor Ω; a conformal transformation
like ours generates an explicit coupling between χ and the inflaton field φ even if none is
present in the Jordan frame.
Using results from section 2.2, the Ω-terms can be written as
Ω˙
Ω
=
√
2ξH tanh
(√
ξψ
)
H ,
Ω¨
Ω
=
[
2ξH −
√
2ξHηH tanh
(√
ξψ
)]
H2 . (3.10)
During inflation, the Ω-terms are slow-roll-suppressed. However, as is well known, the friction
term 3Hσ˙k is important; it can be transformed into a mass term by a further field redefinition,
θ ≡ a3σ , (3.11)
so that, dropping the slow-roll-suppressed terms,
θ¨k +
[
k2
a2
+
m2χ + αφ
2
Ω2
− 9H2
]
θk ≈ 0 . (3.12)
The new 9H2-term gives a tachyonic mass contribution and may lead to strong amplification
of super-Hubble modes already during inflation. This is especially true in our model, since
the m2χ-term is suppressed by Ω
2 = 8Nξ (see (2.3) and (2.11)), and is always below 9H2 for
large enough N . This is undesirable, since χ-perturbations produced during inflation might
easily violate isocurvature bounds [86, 88, 89]. Fortunately, the situation can be saved by the
α-term, which for large φ behaves as αφ2/Ω2 ≈ α/ξ. No particle production occurs during
inflation, if
α
ξ
> 9H2 =
3λ
4ξ2
⇐⇒ α > 3λ
4ξ
≈ 4× 10−9 , (3.13)
where we used (2.14). We assume this to be true for the following. Production of χ-particles
then takes place exclusively during preheating.
During preheating, the Ω-terms in (3.8) are no longer suppressed. Instead, using (3.10),
the definitions of H and ηH , and the approximations (2.16), we can write ω
2
k as
3
ω2k ≈
k2
a2
+
λ
ξ cosh2(
√
ξψ)
[
−2 + 9
2
sech2(
√
ξψ)− 2 sech4(
√
ξψ)︸ ︷︷ ︸
≡ f(√ξψ)
+
ξm2χ
λ
+
α sinh
(√
ξψ
)
λ
]
.
(3.14)
3As discussed in the context of inflaton perturbations above, preheating happens very fast and the universe
does not expand considerably during that time, so the friction term 3Hσ˙k, or the corresponding tachyonic
mass, are unimportant here.
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Figure 2. Typical behaviour of the factor ω2k, controlling χ-production, as a function of time during
preheating. There is a high positive peak when the inflaton crosses zero, but on both sides of this peak,
ω2k is negative, signaling a tachyonic instability.
The function f reaches a minimum value of −2 when the inflaton is on the plateau, a negative
contribution to the effective mass squared. Once again, the high oscillation amplitude of the
background inflaton field leads to tachyonic particle production, this time for the χ-particles,
as can be seen from figure 2. Tachyonic production takes place, if
mχ . mtac ≡
√
2λ
ξ
≈ 3.5× 1013 GeV , (3.15)
where we again used (2.14) and restored the units of MPl. Once again, we measure particle
production by computing the perturbation energy density, which now takes the form
ρσ =
∫ kmax
0
dk k2
4pi2
[
|σ˙k|2 + 2Ω˙
Ω
Re (σ∗kσ˙k) +
(
k2
a2
+
m2χ + αφ
2
Ω2
+
Ω˙2
Ω2
)
|σk|2
]
. (3.16)
When deriving (3.15), we assumed that the α-term is insignificant during preheating. From
(3.14), we see that this is true if α λ. The full limits for α are then
3λ
4ξ
< α λ . (3.17)
For large ξ, this leaves a wide range of viable coupling values. It should be emphasized that
χ-particle production in this model is not caused by the α-term; its purpose is merely to
eliminate inflationary isocurvature perturbations and to let us focus on preheating dynam-
ics. Indeed, large α suppresses the gravitational, tachyonic particle production instead of
enhancing it.
4 Results
Our model has three free parameters: mχ, λ, and ξ. Out of these, λ and ξ are related by
(2.14). We study all possibilities by varying these parameters; we only demand that λ < 1
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Figure 3. Production of χ-particles as a function of the mass mχ and the Hubble parameter during
inflation, H. Tachyonic χ-production is absent in the shaded region, but quickly leads to overproduction
of dark matter below it. The dashed lines correspond to the masses of equation (4.2). Note that the mass
scale is much higher than the scale of the Hubble parameter.
for perturbativity (this translates into ξ < 1010), and that ξ & 104 (equivalently, λ & 10−6),
since for smaller ξ-values, the inflaton oscillation amplitude decays too quickly to support
tachyonic preheating. In practice, it is useful to parametrize ξ and λ through the Hubble
parameter during inflation, H =
√
λ/(12ξ2) (2.15). The above bounds then become
108 GeV < H < 1011 GeV . (4.1)
The exact value of the parameter α is not important, as long as it is within the bounds (3.17).
For each (H,mχ) pair, we solve numerically the background equations (2.9) and the
perturbation equations (3.2) and (3.8) over a range of relevant k-values. We then compute
the perturbation energy densities (3.4) and (3.16) as functions of time and compare them to
the background energy density ρbg = 3H
2.
The results are depicted in figure 3. There, we have computed the χ-energy density at
the moment when the inflaton perturbations’ energy density exceeds that of the background
field.4 For each fixed value of H, we have pinpointed three important mχ-values. At mpeak,
the χ-production is the most efficient; it is more efficient than the production of inflaton
particles by many orders of magnitude. The χ-energy density goes down for both larger
and smaller masses, but we are primarily interested in superheavy DM and concentrate on
masses larger than mpeak. For a somewhat larger mass, at meq, the energy densities of the
inflaton and χ-particles are equal at the end of preheating. For still larger masses, above the
limit m0, tachyonic χ-production is turned off and only a negligible amount of χ-particles is
produced.
4We use linear perturbation theory without any backreaction on the background, so in reality our analysis
is not valid all the way up to this point; however, we believe we capture the correct orders of magnitude
especially for the mass values in (4.2).
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These mass values are almost independent of H and are all close to the analytically
derived tachyonicity scale mtac from (3.15). Approximately,
mpeak ≈ 0.4mtac ≈ 1.3× 1013 GeV , meq ≈ 0.7mtac ≈ 2.4× 1013 GeV ,
m0 ≈ 1.2mtac ≈ 4.0× 1013 GeV .
(4.2)
Note that these values are close to each other: the explosive tachyonic particle production is
very sensitive to the value of mχ.
The produced χ-particles can be much heavier than H, by a factor of
√
ξ  1. They are
also non-relativistic from the beginning. If they are stable, they will overclose the universe
unless their mass is close to or above m0, since their energy density after preheating will grow
with respect to that of radiation. However, if mχ is tuned to the right value very close to m0,
it can be produced with the correct abundance to constitute all of DM. In this case, standard
model particles can be produced by decaying inflatons. Alternatively, if mχ is not stable, it
can act as a portal and decay into standard model particles and DM. In this case, also mass
values away from m0 are allowed; in particular, for masses around mpeak, preheating is even
faster than in the case with tachyonic inflaton particle production only [53].
5 Discussion and conclusions
We studied preheating in a model analogous to Higgs inflation in the Palatini formulation of
gravity. As shown in [53], the oscillating inflaton field returns repeatedly to the inflationary
plateau, which leads to efficient tachyonic production of inflaton particles. We showed that
the same happens to spectator scalar fields: they are produced rapidly through a process
that can be understood as a tachyonic instability in the Einstein frame.
Scalar field particles are produced most abundantly if they have a superheavy mass
around 1013 GeV. For such a mass, their production exceeds that of inflaton particles, and
this becomes the leading preheating channel. If the particles are stable, they can constitute
all of dark matter, although their mass must be finely tuned to obtain the correct abundance.
The scenario presented here has many interesting cosmological consequences. It places
strict constraints on scalar fields in our inflationary model: even supermassive scalar fields
may easily be overproduced during preheating. Our scenario is also an example of a model
where supermassive DM can be produced simultaneously with a negligible tensor-to-scalar
ratio r. In single-field inflationary models, r is proportional to the inflation energy scale
H, so small r implies small H, which in most models sets an upper limit for the masses of
produced particles: m . H (though see [13, 15–20]). However, our model allows m H, so
there is no direct connection between m and r. Indeed, as can be seen from (2.13), ξ  1
implies a negligible r, but χ-particles can still be produced abundantly with masses up to
1013 GeV. Similarly, a low reheating temperature is allowed, since it is controlled by H.
The model studied here is very minimal: the production mechanism is purely gravita-
tional, no coupling to the inflaton is required, and the scalar field is minimally coupled to
gravity. This makes the mechanism very general, and calls for caution in such models of
inflation: traditional techniques of parametric resonance and perturbative decays do not de-
scribe reheating correctly, and a large mass does not automatically protect a particle against
overproduction.
We expect our findings to generalize to other models of inflation where the inflaton
repeatedly returns to a plateau during its oscillation. Study of such generalizations is left for
future work.
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